Stratosphere-troposphere coupling is often viewed from the perspective of the annular modes and their dynamics. Despite the obvious benefits of this approach, recent work has emphasised the greater tropospheric sensitivity to stratospheric variability in the Atlantic basin than in the Pacific basin. In this study, a new approach to understanding stratosphere-troposphere coupling is proposed, with a focus on the influence of the stratospheric state on North Atlantic weather regimes (during extended winter, November to March). The influence of the strength of the lower stratospheric vortex on four commonly used tropospheric weather regimes is quantified. The negative phase of the North Atlantic Oscillation is most sensitive to the stratospheric state, occurring on 33% of days following weak vortex conditions but on only 5% of days following strong vortex conditions. An opposite and slightly weaker sensitivity is found for the positive phase of the North Atlantic Oscillation and the Atlantic Ridge regime. For the North Atlantic Oscillation regimes, stratospheric conditions change both the probability of remaining in each regime and the probability of transitioning to that regime from others. A logistic regression model is developed to further quantify the sensitivity of tropospheric weather regimes to the lower stratospheric state. The logistic regression model predicts an increase of 40-60% in the probability of transition to the negative phase of the North Atlantic Oscillation for a one standard deviation reduction in the strength of the stratospheric vortex. Similarly it predicts a 10-30% increase in the probability of transition to the positive phase of the North Atlantic Oscillation for a one standard deviation increase in the strength of the stratospheric vortex. The stratosphere-troposphere coupling in the European Centre for Medium Range Weather Forecasts, Integrated Forecasting System model is found to be consistent with the reanalysis data by fitting the same logistic regression model. • latitude were more than three times more sensitive
42
(in terms of the shift in the tropospheric jet position) to stratospheric perturbations than jets centred at 30
• or 50
• latitude.
43
In both of these cases, and in other studies including the original investigations of Baldwin and Dunkerton (1999) , event-to-event 44 variability in stratosphere-troposphere coupling is apparent. The key hypothesis of our study, linked to previous work, is that much
45
of the event-to-event variability in stratosphere-troposphere coupling is the result of tropospheric low-frequency variability rather than 46 simply a function of the strength and longevity of the SSW or strong vortex event. To investigate this hypothesis an alternative and complimentary approach to understanding stratosphere-troposphere coupling is adopted, through the use of North-Atlantic weather
48
regimes.
49
The use of weather regimes to describe low-frequency tropospheric variability is reviewed extensively in Hannachi et al. (2017) .
50
While there is some debate about the uniqueness and relevance of regime analysis in the North Atlantic, a large number of authors
51
have found this approach to be a useful way to describe low frequency variability and its connection to external drivers. In this context, to tropospheric variability (perhaps as this is also the region where stratospheric anomalies are longest lived).
59
A recent study by Beerli et al. (2017) began to examine the response of Atlantic weather regimes to changes in the strength of the 60 stratospheric vortex. In this study, we seek to expand on this approach using a simple model of regime behaviour in the troposphere in 61 order to answer the following two questions:
62
• Which North Atlantic weather regimes are influenced by the stratospheric polar vortex?
63
• By how much does the probability of occurrence of North Atlantic weather regimes change in response to typical variations of 64 the stratospheric polar vortex?
65
In answering these questions, it is necessary to first introduce a simple model of North Atlantic weather regimes (henceforth weather regimes. In the first part of the paper, the model of stratospheric influence on weather regimes is developed using ERA-Interim re-69 analysis data. As in previous studies, the limited observational record makes quantifying some parts of the stratospheric influence on 70 weather regimes difficult and so in the second part of the paper we also make use of a large set of simulations from the ECMWF 
Methodology

77
In all analysis in this study, data from the extended winter season (NDJFM) is considered. we choose not to take this approach, but do comment on the strength of the projection onto each cluster centroid for particular cases 100 throughout the manuscript.
101
The model dataset used is a set of ensemble reforecasts from the ECMWF Integrated Forecast System (IFS, cycle 40R1, operational As an initial exploration of the influence of stratospheric vortex strength on weather regimes in the North Atlantic, changes to the 117 frequency of occurrence, persistence and transition between regimes are first estimated. The frequency of weather regime occurrence (p) is a widely used metric (e.g. Cassou 2008 ) and is estimated here simply by dividing the number of times a given regime occurs (a)
by the total number of days sampled in each subset (n).
A standard 95 % Wald confidence interval for the frequency is calculated since the sample size is large:
To estimate the influence of the stratospheric vortex strength on the frequency of occurrence of weather regimes, this metric is For neutral conditions, BL is the most frequently observed regime, followed by NAO+. Stratospheric vortex conditions significantly 126 shift weather regime frequency as expected. Following weak stratospheric vortex conditions, NAO-occurs almost twice as frequently 127 as during neutral stratospheric vortex conditions with consequent reductions in the occurrence frequency of both AR and NAO+.
128
Following strong stratospheric vortex conditions, the opposite sensitivity is found, large reductions in NAO-frequency and increases 129 in both AR and NAO+. Changes to BL frequency are smaller and not significant. Previous studies have highlighted the links between in which the weather regime on the previous day was NAO-and cases where the weather regime on the previous day was any other 146 regime. The number of days in which the previous regime was NAO-is used to estimate the persistence probability for the NAO-/weak 147 vortex case.
The number of days in which the previous regime was not NAO-is used to estimate the transition probability for the NAO-/weak 149 vortex case. the NAO-regime is significantly more persistent and a transition to this regime is more likely when compared to antecedent strong 154 vortex conditions. The NAO+ regime has an opposite sensitivity, with significantly enhanced persistence and transition frequency for 155 antecedent strong vortex conditions compared to weak vortex conditions. The AR regime has the same sensitivity as the NAO+ regime 156 in it's transition frequency but no significant sensitivity in it's persistence. 
After N-steps of the model, the probability of being in either the NAO-or other state can be calculated from the N-th power of P.
166
In the limit of large n, the computed probability represents the steady state probability of the two states. For the case with a neutral In this case, the steady state probability (for the weak vortex state) is: 1/p=15.9)).
177
The simple Markov chain model introduced here is an over-simplification of the real regime behaviour and it's connection to the chains with the same properties as the weak vortex chain above and constructing daily composites of the NAO-frequency.
184
For a large enough sample size, the daily average frequency of the NAO-regime should be 0.33 for each of the days in the composite.
185
Variations in the daily NAO-frequency related to insufficient sampling can be quantified by calculating the daily standard deviation.
186
In a toy experiment in which this process was repeated 100 times for a sample of 30 weak vortex events, the average daily standard 187 deviation is 0.08. Even for a sample size of 100 events, the average daily standard deviation is 0.05. This result implies that composites is the ratio between the odds when the prior regime does and does not occur.
207
The nature of the data means that this model cannot simply be fit in the standard manner using a maximum likelihood estimate.
208
Since daily data for each winter season is used, it is strongly autocorrelated within each season (breaking the required assumption of 209 independence) but has little autocorrelation between seasons. Therefore, we make use of an alternative quasi-likelihood method, the 210 Generalized Estimating Equations (Ziegler and Vens 2010) which explicitly allows for this correlation structure when fitting the model.
211
The model is implemented and fit using the statsmodels (Seabold and Perktold 2010) and pandas libraries (McKinney 2010), freely 212 available for python.
213
An example of the diagnosis of coupling which can be gained from the model is shown in Fig. 6 . The red line in this figure shows the 214 predicted probability of occurrence of the NAO-regime as a function of the stratospheric wind anomaly (π NAO− ), when the existing 215 regime is also NAO-. As expected, the model shows a large increase in probability of the NAO-regime when stratospheric winds are 216 weak and a reduced probability when stratospheric winds are strong. The other coloured lines show the predicted occurrence probability 217 of the NAO-regime when the existing regime is NAO+, AR or BL. There are small differences between the three antecedent regimes, 218 but the largest difference is between regime persistence (the red line) and regime transition. For example, when stratospheric wind 219 anomalies are zero, the probability of transition from any of the three other regimes to NAO-is small (around 0.04). Therefore the 220 model captures a similar picture of the coupling as that shown in Fig. 4 and Fig. 5. 
221
Comparison of the behaviour for all four regimes can be made by fitting the model with each of the regimes as the dependent 222 variable in turn. Central estimates for the model parameters (α, β j , c) are shown in Table 1 . Stratosphere-troposphere coupling 223 for each of the regimes is described by the odds ratio for the zonal wind predictor. For the NAO-case, the odds ratio 
229
The models for the NAO+ and AR regimes have an odds ratio greater than one for the stratospheric wind anomaly as expected,
230
indicating increased probability of occurrence for positive wind anomalies. However, the coupling strength for these regimes is much 231 smaller than for the NAO-regime, a 16% increase in the odds of NAO+ and AR regimes for a 5ms −1 change in the stratospheric wind.
232
Furthermore, the BL regime does not show significant sensitivity to the stratospheric wind anomaly. As the odds ratios for regime transitions are so small, reflecting the low-frequency memory of the weather regimes as described by 237 the simple Markov model, it is helpful to calculate and compare changes to the occurrence probability for a specific stratospheric state for the NAO+ and BL regimes, reflecting the higher occurrence of these regimes in the dataset, and are smallest for the NAO-regime.
240
The transition probabilities are consistent with the right panel of Fig. 3 giving confidence in the fit of the model. For the ERA-Interim 241 data, although, for example in the NAO-case, the transition probability from AR to NAO-is larger than NAO+ to NAO-, the confidence 242 intervals for the two estimates overlap. When considering transitions to all four regimes, similar arguments hold, it appears that some 243 regime transitions are preferred above others but this cannot be conclusively stated given the limited re-analysis data record available.
244
We will return to this point when discussing the ECMWF IFS dataset below.
245
The model can also be used to diagnose how stratospheric wind anomalies influence transition probabilities for each regime. For This quantity is shown in Fig. 8(a) . Equivalent quantities for the NAO+ and AR regimes (although this time representing a difference 249 in probability between a positive 5ms −1 and zero lower stratospheric wind anomaly) are shown in Fig. 8(b) and (c).
250
The changes in transition probability associated with a one standard deviation zonal mean zonal wind anomaly for the NAO-regime 251 are much larger than for the NAO+ regime as expected from Table 1 . The average sensitivity of the transition probability to stratospheric 252 wind anomalies is consistent with the simple analysis shown in Fig. 3 . Changes of the transition probability are between 0.015 and −1 and for the NAO+ regime the estimated change is from 0 to +5ms −1 in order that the changes have the same sign. Table 2 . Central estimates of model parameters for ECMWF IFS model data. Where an estimated parameter is not significant at a p-value of 0.05 it is written in italic. The intercept is shown as the probability of remaining in the dependent weather regime when the stratospheric wind anomaly is zero (it can be transformed back into the model parameter through the logit transform from the BL regime, followed by the AR and then the NAO-regime. For the AR regime, (Fig. 7(c) ) the transition probability from the 276 NAO-regime is smaller than the transition probability from the NAO+ or BL regimes. For the BL regime ( Fig. 7(d) ), there is a clear 277 ordering in transition probability with highest probability for the AR regime, followed by the NAO+ and NAO-regime.
278
Finally, it is useful to compare the sensitivity of regime transitions to the stratospheric state in the IFS model with the re-analysis.
279
The diamonds in Fig. 8 show the change in the transition probability due to a 5ms −1 change in the strength of the stratospheric jet.
280
In all cases, the change in transition probability is consistent with the estimates from the ERA-Interim analysis, but at the lower end for the NAO-, NAO+ and AR regimes and the probability of transition into the same three regimes.
292
With this model in mind, a more complex logistic regression model can be fit to both the ERA-Interim re-analysis and the ECMWF 293 IFS model. An important primary conclusion of this analysis is that the coupling between the stratosphere and North Atlantic in the IFS 294 model is consistent with the re-analysis. By fitting a logistic regression model it is possible to be confident about this result, because 295 it makes use of the full dataset in each case producing model fit parameters which are highly significant. A standard approach to 296 comparing stratosphere-troposphere coupling in models by using composites of extreme events in the stratosphere would use a much 297 smaller fraction of the data and would be hampered by the kinds of sampling uncertainties discussed in section 3.2.
298
The logistic model shows that there is significantly non-linearity in the response of the troposphere to stratospheric anomalies, Understanding the dynamical reasons why the AR regime is more sensitive to stratospheric changes is beyond the scope of this Research Action on Climate Predictability and Inter-Regional Linkages. We thank two reviewers for their helpful and constructive 316 reviews of our initial submission.
